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Circadian Clocks in Antennal Neurons
Are Necessary and Sufficient
for Olfaction Rhythms in Drosophila
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Circadian oscillators are present in a variety of tissues
throughout the head, thorax, and abdomen [16]. Oscilla-
tor function in different tissues has been analyzed inSummary
more detail by using per-driven luciferase reporter
genes, which have the advantage of monitoring rhythmicBackground: The Drosophila circadian clock is con-
trolled by interlocked transcriptional feedback loops gene expression in live animals and cultured tissues [17].
These studies show that oscillators in different tissuesthat operate in many neuronal and nonneuronal tissues.
These clocks are roughly divided into a central clock, operate independently and that they are directly light
entrainable. The autonomy of Drosophila oscillator func-which resides in the brain and is known to control
rhythms in locomotor activity, and peripheral clocks, tion contrasts with the hierarchical nature of the mam-
malian circadian system, where light entrains a centralwhich comprise all other clock tissues and are thought
to control other rhythmic outputs. We previously showed oscillator that then entrains oscillators in peripheral tis-
sues [18, 19]. Although circadian oscillators are presentthat peripheral oscillators are required to mediate rhyth-
mic olfactory responses in the antenna, but the identity in many tissues from Drosophila, relatively little is known
about the rhythms that they control.and relative autonomy of these peripheral oscillators
has not been defined. The most extensively studied clock output in adult
flies is locomotor activity rhythms. A group of five smallResults: Targeted ablation of lateral neurons by using
apoptosis-promoting factors and targeted clock disrup- ventral lateral neurons (sLNvs) in each hemisphere of
the brain is necessary and sufficient to drive rhythms intion in antennal neurons with newly developed domi-
nant-negative versions of CLOCK and CYCLE show that locomotor activity behavior under constant conditions
[20–22]. These cells produce the neuropeptide pigment-antennal neurons, but not central clock cells, are neces-
sary for olfactory rhythms. Targeted rescue of antennal dispersing factor (PDF), which is rhythmically released
from sLNvs to mediate free-running locomotor activityneuron oscillators in cyc01 flies through wild-type CYCLE
shows that these neurons are also sufficient for olfaction rhythms and/or synchronize the rhythms among these
cells [23, 24]. The specific targets of PDF release haverhythms.
Conclusions: Antennal neurons are both necessary and not yet been identified but are thought to reside in the
dorsal brain since sLNvs send projections to this regionsufficient for olfaction rhythms, which demonstrates for
the first time that a peripheral tissue can function as an [25, 26]. A second behavioral rhythm that has been char-
acterized in Drosophila is the emergence of adult fliesautonomous pacemaker in Drosophila. These results
reveal fundamental differences in the function and orga- from their pupal cases, termed eclosion [27]. This rhythm
requires both peripheral and central oscillator function;nization of circadian oscillators in Drosophila and mam-
mals and suggest that components of the olfactory sig- the prothoracic gland and the LNs are both necessary,
but neither is sufficient to drive eclosion rhythms [28].nal transduction cascade could be targets of circadian
regulation. This regulatory system is reminiscent of the mammalian
circadian system, where the central oscillator is neces-
sary for peripheral oscillator function and rhythmicIntroduction
outputs.
Another rhythmic output that has been described inCircadian clocks control daily rhythms in physiology,
adult flies is a rhythm in olfactory responses [29]. Thismetabolism, and behavior in a wide array of organisms.
rhythm is measured by using an assay for odor-inducedThese clocks maintain circadian time via interlocked
electrophysiological responses in antennae called thefeedback loops in gene expression [1]. In Drosophila,
electroantennogram (EAG). EAG responses to a foodthe operation of these feedback loops is dependent
odorant, ethyl acetate, are lowest during the late nighton the heterodimeric bHLH-PAS transcription factors
and early day, begin to increase at the end of the day,CLOCK (CLK) and CYCLE (CYC), which bind E box ele-
and ultimately reach a peak in the middle of the night.ments to activate the transcriptional feedback regula-
This 2-fold rhythm in EAG responses is associatedtors vrille (vri), PAR domain protein 1 (Pdp1), period
with an 100-fold difference in threshold sensitivity to(per), and timeless (tim) [2–9]. VRI and PDP1 feedback
odor at the peak and trough time points [30]. This patternto control the inhibition and subsequent activation of
is seen in wild-type flies during either LD or DD condi-Clk transcription, respectively [4, 10], while PER and
tions and is controlled by a per/tim dependent clock
that is similar, but not identical, to the one that controls*Correspondence: phardin@uh.edu
1These authors contributed equally to this work. locomotor activity rhythms [29, 31]. However, the sLNvs
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that mediate locomotor activity rhythms are not suffi- CLK and CYC have three common functional domains:
a basic region that is responsible for DNA binding, ancient for EAG rhythms; thus oscillators in peripheral tis-
sues are necessary for EAG rhythms [29]. HLH that mediates dimerization of bHLH factors, and a
PAS domain that is responsible for interactions withAlthough the central sLNv oscillators are not sufficient
for EAG rhythms, a role for these oscillators cannot be other proteins [2, 5, 8, 33]. To generate CLK and CYC
dominant-negatives, a portion of their basic regionsexcluded. For instance, these rhythms might require
oscillator function in both peripheral tissues and sLNvs. were removed to impair DNA binding while retaining the
ability to form heterodimers. This modified structure isAlternatively, EAG rhythms may be regulated solely by
oscillators in one or more peripheral tissues, such as similar to that of the natural dominant-negative ID pro-
teins, which block the ability of certain bHLH factors tononneuronal accessory cells in the antennae, antennal
neurons, both neurons and accessory cells in the an- activate transcription [34]. A total of 15 and 17 amino
acids were removed from the CLK and CYC basic re-tenna, or even neurons in the antennal lobe. Here we
show that ablating central oscillator cells has no affect gions, respectively, and the resulting proteins, CLK
and CYC, were tested for their ability to block CLKon EAG rhythms, that eliminating circadian oscillator
function in antennal neurons by using newly developed and CYC function in vitro and in vivo.
To determine whether CLK and CYC could blockCLK and CYC dominant-negative transgenes abolishes
rhythms in EAG responses, and that rescuing oscillator the ability of CLK-CYC to activate E box-dependent
expression, we transfected pAct-CLK, a tim-luc re-function in antennal neurons restores EAG rhythms.
These results demonstrate that EAG rhythms are con- porter, and different concentrations of pAct-CLK and
pAct-CYC expression plasmids into cultured Drosoph-trolled by local oscillators in antennal neurons that func-
tion independently of the central sLNv oscillator, which ila S2 cells. When wild-type CLK is expressed in S2
cells, it forms heterodimers with endogenous CYC andindicates that the circadian systems of Drosophila and
mammals are organized differently and that the circa- activates E box-dependent transcription [5]. When in-
creasing amounts of pAct-CLK and pAct-CYC aredian clock may control EAG rhythms via some compo-
nent of the olfaction signal transduction cascade. cotransfected with pAct-CLK, tim-luc expression is pro-
gressively inhibited (Figure 2). CYC effectively re-
presses tim-luc expression at lower doses than CLKResults
in these experiments, which suggests that either endog-
enous CYC is expressed at lower levels than CLK de-The LNvs Are Not Necessary for EAG Rhythms rived from pAct-Clk or CYC more effectively binds toLNvs are known to be necessary and sufficient for robust and/or inhibits CLK function. These experiments dem-locomotor activity rhythms. To determine if these central
onstrate that CLK and CYC effectively block CLK-oscillator cells are also necessary for EAG rhythms, we
CYC function in cell culture.have ablated these cells by using the LNv-specific pdf
promoter to drive the cell death genes reaper (rpr) and
head involution defective (hid) by using the GAL4/UAS CLK and CYC Dominant-Negatives Abolish
system as described previously [20]. Given that a single Clock Function In Vivo
LNv can support rhythmic locomotor activity [21, 32], To determine if CLK and CYC can block CLK and
the lack of behavioral rhythms in flies containing both CYC function in vivo, we generated flies containing the
transgenes indicates that the LNvs were effectively ab- UAS-CLK and UAS-CYC transgenes. A tim-Gal4
lated (see Table S1, in the Supplemental Data available driver was used to drive expression of these dominant-
with this article online). We measured EAG responses to negatives in all clock cells [35], and these flies were
ethyl acetate on the second day of DD in flies containing assayed for locomotor activity and gene expression
three independent pdf-Gal4 inserts with or without the rhythms. Animals expressing either CLK or CYC in
UAS-rpr, hid inserts, and in UAS-rpr, hid alone and found clock cells were essentially all arrhythmic in DD condi-
that the responses of flies that lack LNvs were similar tions as compared to the robustly rhythmic single insert
to those in control strains (i.e., strains that contain the tim-Gal4, UAS-CLK, or UAS-CYC controls (Table 1).
Gal4 driver or the UAS responder transgenes alone) This result indicates that the circadian oscillator in LNvswhich have unperturbed LNvs (Figure 1). This result indi- was rendered arrhythmic by these dominant-negatives.
cates that LNvs are not necessary for EAG rhythms. Similar results were obtained when UAS-CLK and
UAS-CYC were driven specifically in the LNvs by using
pdf-Gal4 (Table 1).CLK and CYC Dominant-Negatives Abolish Clock
Function in Cell Culture To test whether oscillators in peripheral tissues were
also rendered arrhythmic in flies expressing CLK andSince central LNv oscillators were not necessary for EAG
rhythms, we next wanted to determine whether these CYC in all clock cells, rhythms in tim gene expression
were measured in fly heads, which are comprised ofrhythms were controlled locally by autonomous oscilla-
tors within the antenna. Such experiments can not be primarily peripheral oscillators [36], and in antennae.
When a tim-Gal4 driver was used to drive the expressiondone via cell ablation because removing antennal cells
would likely compromise the ability of the antenna to of UAS-CLK and UAS-CYC, tim mRNA cycling was
severely reduced or eliminated in both heads and anten-respond to odors. To avoid this potential problem, we
designed dominant-negative versions of CLK and CYC nae, whereas tim mRNA cycled robustly in control
strains that did not express CLK and CYC (Figure 3).so that clock function could be eliminated without af-
fecting the ability of these cells to respond to odors. In addition, the abundance of tim mRNA was substan-
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Figure 1. EAG Responses Are Rhythmic in Flies Lacking LNvs
Each point represents mean odor-evoked EAG responses in the specified strain. Circadian changes in mean EAG responses are plotted for
ethyl acetate on day 2 of DD. Each point represents the mean of at least 24 females. The gray bar indicates subjective day, and the black
bar denotes subjective night. Asterisks denote a significant (p  0.05) increase in EAG responses in pdf-Gal4 control flies at ZT17 compared
to other times of day. Crosses denote significant (p  0.01) differences in EAG responses between the LN, ablated genotypes at the same
circadian time. Error bars denote SEM.
(A) EAG responses of flies containing an X chromosome pdf-Gal4 insert with or without UAS-rpr,hid. Overall effects of time of day are
statistically significant (p  0.0001), genotype is not significant (p  0.47), and their interaction is significant (p  0.0001) by two-way ANOVA.
Post-hoc analyses indicate no significant difference in circadian rhythmicity between the two strains.
(B) EAG responses of flies containing an second chromosome pdf-Gal4 insert with or without UAS-rpr,hid. Overall effects of time of day is
statistically significant at p  0.0001, while genotype is not significant (p  0.15); their interaction is statistically significant (p  0.0001) by
two-way ANOVA. Post-hoc analyses indicate no significant difference in circadian rhythmicity between the two strains.
(C) EAG responses of flies containing a third chromosome pdf-Gal4 insert with or without UAS-rpr,hid. Overall effects of time of day are
statistically significant (p  0.0001), genotype is not significant (p  0.15), and their interaction is statistically significant (p  0.0001) by two-
way ANOVA. Post-hoc analyses indicate no significant difference in circadian rhythmicity between the two strains.
(D) EAG responses of flies containing the UAS-rpr,hid insert.
tially reduced in the heads and antennae of flies express- drivers are available that mediate antenna-specific ex-
pression. We have employed odorant receptor (Or) pro-ing CLK and CYC, which is as expected given that
CLK-CYC is responsible for the activation of tim tran- moter-regulated Gal4 drivers because they are ex-
pressed specifically in subsets of olfactory receptorscription [2, 5, 8]. These results demonstrate that the
CLK and CYC dominant-negatives effectively repress neurons (ORNs) [37–39], which are the cells that produce
the EAG response [40]. For these experiments, we havetim expression in vivo and suggest that these dominant-
negatives compromise CLK-CYC-dependent transcrip- chosen GAL4 drivers whose expression pattern includes
basiconic sensillae, which mediate robust electrophysi-tion. The repression of CLK-CYC-dependent gene ex-
pression in antennae by CLK and CYC predicts that ological responses to ethyl acetate [41, 42]. EAG re-
sponses in flies expressing CLK and CYC in antennalEAG rhythms should also be reduced or eliminated. In-
deed, EAG rhythms were abolished when CLKor CYC neurons were recorded from flies maintained in LD cy-
were expressed in clock cells using the tim-Gal4 driver cles. Under these conditions, robust EAG rhythms are
(Figure 4). Taken together, these in vivo results demon- seen in wild-type flies, but abolished in mutants that
strate that the CLK and CYC dominant-negatives eliminate clock function [29, 31].
abolish oscillator function in both central and peripheral We first used the most widely expressed Or promoter,
circadian oscillator cells. OR83b, to drive CLK and CYC expression in 70%
of ORNs [38, 43]. Expression of either CLK or CYC in
Or83b-expressing ORNs abolished EAG rhythms, whileClocks in Antennal Neurons Are Necessary
control flies containing the Or83b-Gal4 driver, UAS-for EAG Rhythms
CLK responder, or UAS-CYC responder transgenesSince CLK and CYC can abolish clock function, they
alone showed wild-type rhythms (Figure 5). This resultcan be used to determine whether local oscillators in
antennae are required for EAG rhythms. Several Gal4 shows that circadian oscillators in Or83b-expressing
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Figure 2. CLK and CYC Dominant-Negatives
Inhibit CLK-CYC-Dependent Transcription
(A) Repression of CLK-CYC-dependent tran-
scription by CYC. S2 cells were transfected
with the different combinations of pAct-CLK,
pAct-CYC, pAct, and tim-luc in the amounts
(in ng) indicated. A minus symbol indicates no
plasmid was transfected. Relative luciferase
activity is presented as a percentage of the
positive control (pAct-CLK pAct tim-luc),
which was set to 100%. Error bars represents
SEM from at least three independent experi-
ments.
(B) Repression of CLK-CYC-dependent tran-
scription by CLK. S2 cells were transfected
with the different combinations of pAct-CLK,
pAct-CLK, pAct, and tim-luc in the amounts
(in ng) indicated. A minus symbol indicates no
plasmid was transfected. Relative luciferase
activity is calculated as in (A). Error bars rep-
resent SEM from four or five independent
measurements.
ORNs are required for EAG responses. To further define together, these results demonstrate that antennal neu-
rons are necessary for rhythms in EAG responses.oscillator neurons that are required for EAG rhythms in
response to ethyl acetate, we used Or22a-Gal4 to drive
UAS-CLK or UAS-CYC expression specifically in the Clocks in Antennal Neurons Are Sufficient
for EAG Rhythmsab3 subclass of large basiconic sensillae [39]. Flies ex-
pressing either CLK or CYC in Or22a-expressing Since the LNs are neither necessary nor sufficient for
olfaction rhythms and antennal neurons contain an au-ORNs show no rhythms in EAG responses (Figure 6).
Given that the ab3 class of large basiconic sensillae is tonomous oscillator that is necessary for antennal
rhythms, it is possible that antennal neuron oscillatorsrestricted to the dorsomedial region of the antenna [42],
we reasoned that a more lateral region containing a are also sufficient for olfaction rhythms. To determine
if this is the case, it is necessary to generate flies thatconcentration of ab1 and ab2 classes of ethyl acetate-
sensitive, large basiconic sensillae would continue to have functional circadian oscillators only in antennal
neurons. This can be achieved by rescuing a clock mu-exhibit EAG rhythms in flies expressing a CLK or CYC
dominant-negative in Or22a-expressing cells. When tant in antennal neurons via targeted expression of the
corresponding wild-type gene. Since targeted expres-flies expressing CYC in Or22a cells were recorded from
a more lateral position, EAG responses were indeed sion in antennal neurons by using Or-Gal4 drivers would
produce constant levels of target transcripts, we haverhythmic, albeit at a lower amplitude (Figure 6). Taken
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Table 1. Locomotor Activity Rhythms in Flies Expressing CLK and CYC in All Clock Cells or LNvs
Total Number Percent Average Period Average Power
Genotype Tested Rhythmic (Hr  SEM) (SEM)
Wild-type (CS) 68 92.6 23.9  0.1 75.7  6.2
UAS-CLK 10 80 23.2  0.1 89.8  36.0
UAS-CYC 15 93 23.4  0.3 53.7  28.7
tim-Gal4 13 77 24.4  0.3 64.9  46.9
pdf-Gal4 10 60 24.7  0.9 28.0  22.5
tim-Gal4  UAS-CLK 19 0 0 0
tim-Gal4  UAS-CYC 24 0 0 0
pdf-Gal4  UAS-CLK 12 0 0 0
pdf-Gal4  UAS-CYC 14 21 23.2  0.4 20.7  10.01
Male flies were entrained to 12 hr light:12 hr dark cycles for 3 days, and locomotor activity was monitored for at least 5 days in constant
darkness. After periodogram analysis, flies were designated as rhythmic or arrhythmic (see Experimental Procedures).
used these promoters to express cyc, since it is the only rhythms, thus revealing that a peripheral oscillator can
function as a circadian pacemaker to autonomouslyconstitutively expressed transcriptional regulator in the
core clock mechanism [8]. Importantly, previous work control a rhythmic physiological output.
has shown that targeted cyc expression can rescue cir-
cadian oscillator function in cyc01 flies [23]. The Or83b- Discussion
Gal4 and UAS-cyc transgenes were introduced into cyc01
mutant flies, and these two strains were crossed to pro- Organization of the Circadian System
The Drosophila circadian system consists of many au-duce flies that express CYC in most antennal neurons.
EAG responses in cyc01 flies containing the Or83b-Gal4 tonomous, light-entrainable oscillators in neuronal and
nonneuronal tissues [16, 17, 44, 45]. A set of ten bilater-and UAS-CYC inserts were rhythmic, whereas cyc01 flies
containing either insert alone were arrhythmic (Fig- ally symmetric LNvs function to control locomotor activ-
ity rhythms in Drosophila and are therefore roughlyure 7).
To determine whether the ab3 class of large basiconic equivalent to the central pacemaker cells in the mamma-
lian SCN that also control activity rhythms. The SCNsensillae is sufficient to rescue EAG responses, we used
Or22a-Gal4 to drive UAS-CYC in cyc01 flies. EAG re- also functions to control oscillators in peripheral tissues
[46] and, by extension, any rhythmic processes thatsponses in cyc01 flies containing the Or22a-Gal4 and
UAS-CYC inserts were rhythmic, whereas cyc01 flies con- those tissues control. Although oscillators in peripheral
tissues of adult Drosophila are not dependent on thetaining either insert alone were arrhythmic (Figure 7).
Since Or22a expression is limited to the ab3 class of LNvs, it is possible that as in mammals, the LNv “central
oscillator” is required to control rhythmic outputs ema-large basiconic sensillae, one would predict that if cyc01
flies expressing CYC in Or22a neurons were recorded nating from peripheral tissues. We have addressed this
issue by defining the oscillators that are necessary andfrom a region that lacks ab3 sensillae, EAG responses
would be arrhythmic. When cyc01 flies containing the sufficient for olfaction rhythms, which emanate from a
peripheral tissue (i.e., the antenna) that itself containsOr22a-Gal4 and UAS-CYC transgenes were recorded
from a more lateral position (Figure 6C), EAG responses a circadian oscillator. We find that LNv oscillators are
not required for olfaction rhythms but that oscillatorswere indeed arrhythmic (Figure 7C). These results dem-
onstrate that antennal neurons are sufficient for olfaction within antennal neurons are both necessary and suffi-
Figure 3. tim Promoter-Mediated CLK and
CYC Expression Represses CLK-CYC-
Dependent Gene Expression
Flies bearing the tim-Gal4 driver alone, the
UAS-CLK, or UAS-CYC responders alone
and both tim-Gal4 and UAS-CLKor tim-Gal4
and UAS-CYC were entrained for at least 3
days in LD 12:12 cycles and collected at ZT3,
ZT9, ZT15, and ZT21. Relative RNA abun-
dance refers to the tim/rp49 RNA ratio, where
rp49 RNA serves as a control for RNA content
in each sample. The white and black bars
represent times when lights were on or off,
respectively. Error bars represent SEM from
four or five independent measurements.
(A) The abundance of tim mRNA in fly heads
was measured via real-time quantitative PCR
(see Experimental Procedures).
(B) The abundance of tim mRNA in antennae
was measured via real-time quantitative PCR
(see Experimental Procedures).
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Figure 4. tim Promoter-Mediated CLK and CYC Expression Abolishes EAG Rhythms
Diurnal changes in mean EAG responses are plotted for ethyl acetate on day 4 of LD. Each point represents the mean of at least eight females.
The white and black bars indicate times when lights were on and off, respectively. Asterisks denote significant (p  0.01) increases in EAG
responses for flies carrying tim-Gal4, UAS-CLK, or UAS-CYC transgenes at ZT17 compared to other times of day. Crosses denote significant
(p  0.01) differences in EAG responses between flies carrying tim-Gal4, UAS-CLK or UAS-CYC transgenes and tim-Gal4  UAS-CLK or
tim-Gal4  UAS-CYC transgenes at the same time of day. Error bars denote SEM.
(A) EAG responses of flies containing tim-Gal4, UAS-CLK, or tim-Gal4  UAS-CLK. Overall effects of time of day, genotype, and their
interaction are statistically significant (p  0.0001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a function of
time in flies containing tim-Gal4  UAS-CLK.
(B) EAG responses of flies containing tim-Gal4, UAS-CYC or tim-Gal4  UAS-CYC. Overall effects of time of day, genotype, and their
interaction are statistically significant (p  0.0001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a function of
time in flies containing tim-Gal4  UAS-CYC.
cient for olfaction rhythms. The ability of these antennal the hierarchical organization of the mammalian circa-
dian system.neuron oscillators to control olfaction rhythms indicates
that they function as autonomous circadian pacemakers A distributed set of independent oscillators may best
benefit an animal like Drosophila that is diurnally active[47]. The control of olfaction rhythms by local oscillators
in antennal neurons, independent of the LNv oscillators, and has oscillators which, as a whole, directly see and
entrain to light [17, 48]. These attributes are not charac-suggests that in adult Drosophila the circadian system
is organized as a set of independent oscillators that teristic of mammals, but they are found in some verte-
brates; zebrafish are diurnally active and their peripheralautonomously control rhythmic outputs as opposed to
Figure 5. Or83b-Mediated CLK and CYC Expression Abolishes EAG Rhythms to Ethyl Acetate
EAG recordings were performed as in Figure 4. Asterisks denote significant (p  0.01) increases in EAG responses for flies carrying Or83b-
Gal4, UAS-CLK, and UAS-CYC transgenes at ZT17 compared to other times of day. Crosses denote significant (p  0.01) differences in
EAG responses between flies carrying Or83b-Gal4, UAS-CLK, or UAS-CYC transgenes and OR83b-Gal4  UAS-CLK or OR83b-Gal4 
UAS-CYC transgenes at the same time of day. Error bars denote SEM.
(A) EAG responses of flies containing Or83b-Gal4, UAS-CLK, or OR83b-Gal4  UAS-CLK. Overall effects of time of day, genotype, and
their interaction are statistically significant (p  0.0001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a function
of time in flies containing OR83b-Gal4  UAS-CLK.
(B) EAG responses of flies containing Or83b-Gal4, UAS-CYC, or OR83b-Gal4  UAS-CYC. Overall effects of time of day, genotype, and
their interaction are statistically significant (p  0.0001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a function
of time in flies carrying OR83b-Gal4  UAS-CYC.
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Figure 6. Or22a-Mediated CLK and CYC Expression Abolishes EAG Rhythms to Ethyl Acetate
EAG recordings were performed as in Figure 4. Asterisks denote significant (p  0.01) increases in EAG responses for flies carrying Or22a-
Gal4, UAS-CLK, and UAS-CYC transgenes at ZT17 compared to other times of day. Crosses denote significant (p  0.01) differences in
EAG responses between flies carrying Or22a-Gal4, UAS-CLK, or UAS-CYC transgenes and OR22a-Gal4  UAS-CLK or OR22a-Gal4 
UAS-CYC transgenes at the same time of day. Error bars denote SEM.
(A) EAG responses of flies containing Or22a-Gal4, UAS-CLK, or OR22a-Gal4  UAS-CLK. Overall effects of time of day, genotype, and
their interaction are statistically significant (p  0.0001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a function
of time in flies carrying OR22a-Gal4  UAS-CLK.
(B) EAG responses of flies containing Or22a-Gal4, UAS-CYC, or OR22a-Gal4  UAS-CYC. Overall effects of time of day, genotype, and
their interaction are statistically significant (p  0.0001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a function
of time in flies carrying OR22a-Gal4  UAS-CYC.
(C) Diagram of the anterior and posterior faces of the antenna denoting the region where Or22a is expressed (dashed outline). Recording
electrodes were positioned within Or22a-expressing cells or in a more lateral position that contains other ethyl acetate responsive large
basiconic sensillae (shaded area). The antenna is oriented dorsal side up, and the black shapes represent the aristae.
(D) EAG responses within and outside of a region in which Or22a neurons are expressing CYC. EAG recordings were performed as in Figure
4 at ZT5 and ZT17 in the two antennal regions shown in C. The plus symbol indicates the region in which Or22a is expressing CYC, and the
minus symbol indicates the lateral region, which lacks Or22a neurons expressing CYC. The white bars represent EAG responses measured
during the light phase at ZT5, and the black bars represent EAG responses taken during the dark phase at ZT17. The cross denotes a
significant (p  0.00001) difference in EAG responses between the region in which Or22a neurons are expressing CYC and the region that
lacks Or22a neurons expressing CYC at ZT17. The asterisk denotes significant (p  0.00001) differences in EAG responses between the
lateral region that lacks Or22a neurons expressing CYC at ZT17 and either antennal region at ZT5. Error bars denote SEM.
organs (e.g., heart, kidney) are directly entrainable by phaea maderae were recently described, indicating that
circadian control of olfaction is conserved in two dis-light [49, 50]. Other nonmammalian vertebrates (i.e.,
Xenopus, birds, and lizards) also have peripheral tissues tantly related insects [54]. However, these EAG rhythms
are dependent on the central pacemaker cells in thethat harbor autonomous light-entrainable clocks, but
these are restricted to photoreceptive tissues such as optic lobe, and photic entrainment is dependent on the
eye [54]. This result indicates that the circadian systemthe pineal gland, the retina, and the parietal eye [51–53].
Just as a hierarchy is not the rule for circadian organiza- of this nocturnal insect is hierarchically organized, fur-
ther demonstrating that circadian organization is not antion in vertebrates, a distributed organization is not the
rule for circadian organization in insects. The pupal pro- evolutionarily conserved characteristic.
thoracic gland and LNs are both required, but neither
are sufficient, for eclosion rhythms in Drosophila [28]. Utility of CLK and CYC Dominant-Negatives
Identifying the oscillator cells that control differentThis corequirement for central and peripheral oscillators
could simply be a characteristic of earlier developmental rhythmic phenomena is a fundamental neuroanatomical
question. Knowledge of the cells required for behavioral,stages, though other examples of this mode of oscillator
organization may be found in adults as more rhythmic physiological, or metabolic rhythms is often necessary
before delving into the molecular mechanisms that regu-outputs are discovered. Regardless, it is clear that oscil-
lator organization can differ within a species. Rhythmic late these phenomena. One method that is often used
to define cells required for rhythmic output is to ablateEAG responses in antennae of the cockroach Leuco-
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Figure 7. Or83b and Or22a-Mediated CYC Expression Restores EAG Rhythms in cyc01 Flies
EAG recordings were performed as in Figure 4. Asterisks denote significant (p  0.01) increases in EAG responses for cyc01 flies carrying
Or83b-Gal4  UAS-CYC or Or22a-Gal4  UAS-CYC at ZT17 compared to other times of day. Crosses denote significant (p  0.01) differences
in EAG responses between cyc01 flies carrying Or83b-Gal4  UAS-CYC or Or22a-Gal4  UAS-CYC transgenes and cyc01 flies carrying Or83b-
Gal4, Or22a-Gal4, or UAS-CYC transgenes at the same time of day. Error bars denote SEM.
(A) EAG responses of cyc01 flies carrying Or83b-Gal4, UAS-CYC, or Or83b-Gal4  UAS-CYC. Overall effects of time of day, genotype, and
their interaction are statistically significant (p  0.00001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a
function of time in cyc01 flies containing OR83b-Gal4 or UAS-CYC.
(B) EAG responses of cyc01 flies carrying Or22a-Gal4, UAS-CYC, or Or22a-Gal4  UAS-CYC. Overall effects of time of day, genotype, and
their interaction are statistically significant (p  0.00001) by two-way ANOVA. Posthoc analysis indicates no significant differences as a
function of time in cyc01 flies containing OR22a-Gal4 or UAS-CYC.
(C) EAG responses within and outside of a region in which Or22a neurons are expressing CYC in cyc01 flies. EAG recordings were performed
as in Figure 4 at ZT5 and ZT17 in the two antennal regions shown in Figure 6C. The plus symbol indicates the region in which Or22a is
expressing CYC in cyc01 flies, and the minus symbol indicates the lateral region, which lacks Or22a neurons expressing CYC in cyc01 flies.
The white bars represent EAG responses measured during the light phase at ZT5, and the black bars represent EAG responses taken during
the dark phase at ZT17. The cross denotes a significant (p  0.00001) difference in EAG responses between the region in which Or22a neurons
are expressing CYC in cyc01 flies and the region that lacks Or22a neurons expressing CYC in cyc01 flies at ZT17. The asterisk denotes significant
(p  0.0001) differences in EAG responses between the region in which Or22a is expressing CYC in cyc01 flies at ZT17 and either antennal
region at ZT5. Error bars denote SEM.
cells by using cell death genes. This method has been tives would also be expected to reduce expression from
the tim-Gal and pdf-Gal drivers and, consequently, theuseful for defining cells necessary for circadian behavior
[20] but is not useful for defining cells required for physi- levels of CLK and CYC. Apparently the relative stabil-
ity of GAL4, together with continued low-level expres-ological or metabolic rhythms that may emanate from
the oscillator cells themselves or rhythms in cells re- sion from the tim-Gal4 and pdf-Gal4 drivers, produces
enough CLK and CYC to effectively repress CLK-quired for viability. For these sorts of rhythmic outputs
and cell types, the only method available for eliminating CYC dependent genes.
It is interesting that CLK and CYC eliminated clockclock function in specific cells has been to overexpress
PER. High levels of PER can block CLK-CYC activity, function so effectively given that CYC is substantially
more abundant than CLK, PER, or TIM in fly heads [33].thereby abolishing molecular oscillations, but is difficult
to achieve in practice because molecular and behavioral The expression pattern of CYC has not been character-
ized, and it is possible that the majority of CYC expres-rhythmicity persists unless PER is drastically overex-
pressed [55–57]. The availability of cell specific drivers sion could be in nonclock cells. If so, CYC could be
relatively low in abundance in clock cells, thus promot-that can produce enough per to effectively eliminate
clock function may be somewhat limited. ing more effective competition of CYC for CLK binding
and CLK for CYC binding. Alternatively, CLK-CYCAs an alternative to per overexpression, we developed
a method for eliminating oscillator function that employs and CYC-CLK heterodimers may be more stable than
the natural CLK-CYC heterodimer. CLK was recentlydominant-negative forms of CLK and CYC. Such a strat-
egy was used previously to block circadian oscillator found to be quite labile when bound to BMAL1 in mice
[59]. Given the effectiveness of CLK and CYC atfunction in Xenopus photoreceptors, but in this case
the dominant-negative was generated by removing the blocking clock function, these dominant-negatives will
be generally useful for mapping cells required for rhyth-activation domain of xCLOCK [58]. Regardless of which
dominant-negative (i.e., CLK or CYC) was expressed mic outputs. A similar strategy may also be useful for
mapping neuroanatomical pathways that mediate clockin clock cells, clock function was effectively abolished at
both the molecular and physiological/behavioral levels outputs in mammals.
(Figures 2–6; Table 1). Not only did CLK and CYC
block clock function when expressed from the relatively Mechanisms of Regulating Rhythms in Olfaction
The finding that circadian oscillators in ORNs are suffi-strong tim promoter, but also when the Or, pdf, and Clk
promoters were used (Figures 4–6; data not shown). cient for EAG rhythms implies that not only the clock,
but also the EAG rhythm output pathway is containedSince the expression of CLK and CYC inhibits CLK-
CYC-dependent transcription, these dominant-nega- within these cells. Colocalization of a circadian oscillator
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GAL4 and Or83b-GAL4 drivers have been described previously [20,and a rhythmic output in these neurons suggests a num-
24, 39, 56, 81].ber of potential targets for clock regulation. Olfactory
signal transduction in Drosophila is initiated by G pro-
Generation of UAS-CLK, UAS-CYC, and UAS-CYC Strains
tein-coupled odorant receptors, involves Gq- and IP3- To construct a CYC protein lacking the basic region, designated
mediated signal transduction, and ultimately controls CYC, the amino terminus (Met1-Tyr49) of the myc-tagged cyc
ion channels including the paralytic (para) Na channel cDNA [11] was amplified via PCR by using forward (5ATGGAG
CAAAAGCTCATTTCT3) and reverse (5TGTACGTGTTCATATTTTand the ether-a-go-go (eag) K channel [60–62]. The
CATCCGAGG3) primers that remove the region encoding Arg 31-clock could modulate the sensitivity of the olfactory
Lys45. The PCR product was digested with AflIII and ligated withsystem by decreasing OR signaling. For instance,
the AflIII-XbaI DNA fragment of the myc-tagged cyc cDNA in pGEM-
GPCRs such as the ORs can be desensitized through 5f (Promega, Madison, WI). The ligation product was amplified via
action of G protein-coupled receptor kinases and ar- PCR with the forward primer described above and a reverse primer
restins [63, 64], thus making these two types of regula- (5GCTCTAGACTTATAAGAACACGGAATTCTTG3) that contains an
XbaI site to generate the entire CYC-coding region. This PCR prod-tors potential targets for clock control. Likewise, the
uct was subcloned to pCR 2.1-TOPO vector by using TA cloning kitgeneration of IP3 and the modulation of its receptor and
(Invitrogen, Carlsbad, CA) and sequenced to confirm the integritydownstream effector proteins also provide a rich source
of the CYC coding region. A BglII-XbaI fragment containing the
of targets for clock control [65, 66]. Activity of the eag CYC coding region was removed from pCR 2.1-TOPO and cloned
and para ion channels can also be modulated via CaM- into pUAST [82], resulting in the fly transformation plasmid CYC-
KII-dependent phosphorylation and interaction with pUAST.
To construct a CLK protein lacking the basic region, designatedTipE protein, respectively, and could serve as targets
CLK, the hemmagultinin (HA)-tagged Clk cDNA [11] was amplifiedfor clock control [67, 68]. In fact, the circadian clock is
via PCR with a forward primer (5CAAGAATTCATGGACTACCCGTknown or suspected to regulate the activity of several
ACGACGTCCCGGACTACGCCTCCCTGGACGAGAGCGACGACAA
types of ion channels. In chickens, activity of the ILOT GGATGATACAGATCAGTTCAACTCGCTGGTCGACGATC3) and re-
cation channel is under circadian control in the pineal verse primer (5GTCTGTTGAGATCTACAACTAGC3) that remove
gland [69], and a cGMP gated cationic channel in the the region encoding Lys12-Arg28. The PCR product was digested
with EcoRI and BglII, subcloned into pUAST [82], resulting in the flyretina is regulated, at least indirectly, by ERK- and CaM-
transformation plasmid CLK-pUAST. The PCR-generated CLKKII-dependent phosphorylation [70]. In Drosophila, the
insert was sequenced to confirm the integrity of the CLK codingabundance of SLOWPOKE (SLO), a Ca2 dependent K
region. Drosophila transformations of CLK-pUAST and CYC-pU-
channel protein, is controlled by the circadian clock [71], AST were carried out essentially as described [83]. Transgenic CYC
and levels of mRNA encoding a slo regulatory protein, and CLK flies were balanced using the w;CyO/Sco;TM2/TM6B
called slo binding protein (slob), cycle in a circadian strain.
To construct a wild-type cyc cDNA under UAS control, myc-manner [71–75].
tagged cyc cDNA in pGEM-5f [11] was first digested with ApaI,Irrespective of which or how many olfaction signal-
blunted with T4 polymerase, and then digested with NotI. This frag-transduction components are under clock control, it is
ment was inserted into pUAST that had been cut with XhoI, blunted
important to understand the mechanism by which the with T4 polymerase, and then digested with NotI. The resulting UAS-
clock imposes circadian regulation. Several compo- cyc plasmid was transformed into Drosophila and balanced as de-
nents of the circadian timekeeping mechanism are con- scribed above.
trolled at the transcriptional level [76]. Microrarray analy-
Cell Culture Experimentssis has identified more than 100 additional transcripts
To generate plasmids for expressing CLK and CYC in Drosophila(i.e., those that do not encode components of the time-
S2 cells, an EcoRI- XhoI fragment from CLK-pUAST and BglII-XbaIkeeping mechanism) that are under circadian clock con-
fragment from CYC-pUAST (the BglII site was blunted with Klenow
trol, which suggests that transcription may be a major fragment) were subcloned into the pAc 5/V5-His B 5.1 expression
mechanism by which the clock controls rhythmic out- vector (Invitrogen, Carlsbad, CA) to generate pAct-CLK and pAct-
puts [71–75]. Although minor compared to transcrip- CYC, respectively. Different amounts of pAct-CLK or pAct-CYC
plasmids were cotransfected with 20 ng of pAct-CLK plasmid [5]tional regulation, posttranscriptional regulation also
and 100 ng of a timeless promoter-driven luciferase reporter (tim-contributes to per mRNA cycling [77], and thus may
luc) plasmid [84] into S2 cells. Briefly, 0.5–1.0  106 cells werecontrol circadian outputs as well. The circadian clock
incubated in Drosophila serum-free medium (SFM) (Invitrogen,also controls the abundance and subcellular localization
Carlsbad, CA) containing the gene fragments described above and
of core circadian oscillator proteins through posttransla- 8 	g of CELLFECTIN reagent (Invitrogen, Carlsbad, CA) for 4 hr and
tional mechanisms. For instance, DBT- and CKII-depen- cultured in new SFM containing 10% the fetal calf serum (Invitrogen,
dent phosphorylation of PER increases it’s degradation Carlsbad, CA) and antibiotic (SIGMA Chemical Co., St. Louis, MO)
for 70–72 hr at 25
C. Transfected cells were assayed for luciferase[12, 78, 79], while SGG-dependent phosphorylation of
activity in a Berthold femtomaster FB12 luminometer by using theTIM promotes the nuclear localization of PER-TIM het-
dual-luciferase reporter assay system (Promega, Madison, WI).erodimers [80]. From these examples, the circadian
clock could regulate olfactory signal transduction com-
Monitoring Behavioral Activity
ponents at several different levels. A comprehensive Flies were monitored for 3 days in 12 hr light:12 hr dark (LD) condi-
understanding of how the clock regulates olfaction will tions, then 7 days in constant darkness (DD) by using Trikinetics
ultimately enable us to trace an output pathway from Drosophila activity monitors (Waltham, MA). Data collected during
DD was subjected to periodogram analysis to determine the periodthe timekeeping mechanism to physiology.
and strength of the rhythm [85]. Flies were designated as rhythmic
or arrhythmic as previously described [85].Experimental Procedures
Real-Time PCRFly Strains
Flies (0–5 days old) were entrained for 3–5 days in LD 12:12 cyclesThe pdf-GAL4 drivers (lines pBmR-M, pBmR-J and pBsR-B), the
UAS-rpr, hid responder, the tim-Gal4 driver (line 62), and the Or22a- at 25
C and collected during LD 12:12. Dissection of heads and
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antennae were done by using dessicated animals as previously rupts circadian rhythms and transcription of period and time-
less. Cell 93, 791–804.described [86]. Purification of total RNA from 20–50 heads and 100–
150 antennae was performed by using the “totally RNA” purification 3. Blau, J., and Young, M.W. (1999). Cycling vrille expression is
required for a functional Drosophila clock. Cell 99, 661–671.kit (Ambion Inc., Austin, TX). RNA quantification was performed by
using a fluorescence-based real-time PCR (qPCR) (TaqMan Real- 4. Cyran, S.A., Buchsbaum, A.M., Reddy, K.L., Lin, M.C., Glossop,
N.R., Hardin, P.E., Young, M.W., Storti, R.V., and Blau, J. (2003).Time PCR, Applied Biosystems, Foster City, CA). The following
probe and primers for detecting tim mRNA were designed by using vrille, Pdp1, and dClock form a second feedback loop in the
Drosophila circadian clock. Cell 112, 329–341.ABI PrimerExpress software: 5 primer, CTACGGCAAACCCTCAG
ATGAT; 3 primer, CGCCTGTTTTCCTTAATGATCAG; probe, CCAG 5. Darlington, T.K., Wager-Smith, K., Ceriani, M.F., Staknis, D.,
Gekakis, N., Steeves, T.D., Weitz, C.J., Takahashi, J.S., andCAGGATCTGAA. The tim probe oligonucleotide was 5-labeled with
FAM (6-carboxyfluorescein) and 3-labeled with TAMRA (6-carboxy- Kay, S.A. (1998). Closing the circadian loop: CLOCK-induced
transcription of its own inhibitors per and tim. Science 280,tetramethylrhodamine). To eliminate the possibility of contaminating
genomic DNA amplification, the probe sequence was designed 1599–1603.
6. Hao, H., Allen, D.L., and Hardin, P.E. (1997). A circadian en-across exon junctions in the cDNA sequence. cDNA was synthesized
hancer mediates PER-dependent mRNA cycling in Drosophilafrom RNA samples according to the manufacturer’s protocol (In-
melanogaster. Mol. Cell. Biol. 17, 3687–3693.vitrogen, Carlsbad, CA), precipitated with ethanol, dissolved in dis-
7. McDonald, M.J., Rosbash, M., and Emery, P. (2001). Wild-typetilled water, and used for qPCR. All qPCR reactions were performed
circadian rhythmicity is dependent on closely spaced E boxes inusing TaqMan Universal PCR Master Mix (Applied Biosystems, Fos-
the Drosophila timeless promoter. Mol. Cell. Biol. 21, 1207–1217.ter City, CA) on an ABI 7000 Sequence Detection System (Applied
8. Rutila, J.E., Suri, V., Le, M., So, W.V., Rosbash, M., and Hall, J.C.Biosystems, Foster City, CA). The levels of rp49 RNA were measured
(1998). CYCLE is a second bHLH-PAS clock protein essential foras described [87] and serve as a control for the total RNA content
circadian rhythmicity and transcription of Drosophila period andin each sample. The relative abundance of each mRNA was calcu-
timeless. Cell 93, 805–814.lated by using the comparative delta-Ct method. The values of tim
9. Wang, G.K., Ousley, A., Darlington, T.K., Chen, D., Chen, Y., Fu,RNA were normalized to those of rp49 at each time point and ex-
W., Hickman, L.J., Kay, S.A., and Sehgal, A. (2001). Regulationpressed as the tim/rp49 ratio.
of the cycling of timeless (tim) RNA. J. Neurobiol. 47, 161–175.
10. Glossop, N.R., Houl, J.H., Zheng, H., Ng, F.S., Dudek, S.M.,EAG Measurements and Statistical Analysis
and Hardin, P.E. (2003). VRILLE feeds back to control circadianEntrainment of flies and method of recording were done as de-
transcription of Clock in the Drosophila circadian oscillator.scribed previously [29]. A modified set-up was used for recording
Neuron 37, 249–261.in that the indifferent and recording electrodes (filled with 0.17 M
11. Lee, C., Bae, K., and Edery, I. (1999). PER and TIM inhibit theNaCl) were connected to a differential amplifier (Warner Instruments,
DNA binding activity of a Drosophila CLOCK-CYC/dBMAL1 het-
model DP301) where the electrical signal was low-pass (3 kHz) fil-
erodimer without disrupting formation of the heterodimer: a
tered and amplified 100. The signal was then digitized (Axon Instru-
basis for circadian transcription. Mol. Cell. Biol. 19, 5316–5325.
ments, model Digidata 1322A) at 2 KHz and analyzed by Axoscope
12. Kloss, B., Rothenfluh, A., Young, M.W., and Saez, L. (2001).
software (Axon Instruments). Recording in the dark was made possi-
Phosphorylation of period is influenced by cycling physical as-
ble by using filters that blocked light of wavelengths below 600 nm.
sociations of double-time, period, and timeless in the Drosoph-
A constant stream of air was directed toward the fly preparation
ila clock. Neuron 30, 699–706.
through a vial containing mineral oil. Odor stimulation was achieved 13. Edery, I. (1999). Role of posttranscriptional regulation in circa-
by opening the valve connected to a vial of ethyl acetate (diluted dian clocks: lessons from Drosophila. Chronobiol. Int. 16,
1:104 in mineral oil) while simultaneously closing the valve connected 377–414.
to the vial containing mineral oil. Analyses of the effects of time of 14. Hall, J.C. (2003). Genetics and molecular biology of rhythms in
day, genotype, and their interactions were analyzed by two-way Drosophila and other insects. Adv. Genet. 48, 1–280.
ANOVA. Posthoc analysis was done by using Scheffe’s test (  15. Young, M.W., and Kay, S.A. (2001). Time zones: a comparative
0.01). Statistical analysis was carried out by using Stastistica soft- genetics of circadian clocks. Nat. Rev. Genet. 2, 702–715.
ware (Statsoft). Comparisons of the mean EAG responses obtained 16. Hardin, P.E. (1994). Analysis of period mRNA cycling in Dro-
from different regions of the antenna was done by Student’s t test. sophila head and body tissues indicates that body oscillators
behave differently from head oscillators. Mol. Cell. Biol. 14,
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